The physics of the dark sector has remained one of the controversial areas of modern cosmology at present and hence it naturally attracts massive attention to the scientific community. With the developments of the astronomical data, the physics of the dark sector is becoming much more transparent than it was some twenty years back. The detection of gravitational waves (GWs) has now opened a cluster of possibilities in the cosmological regime. Being motivated by the detection of GWs and its possible impact on the physics of dark matter and dark energy, in this work we focus on the interacting dark energy models. Assuming the simplest possibility in which the vacuum energy with equation-of-state wx = −1 is allowed to interact with the pressureless dark matter, we have extracted the constraints of the cosmological parameters.
INTRODUCTION
We have already crossed 20 years of the detection of the late time accelerating phase of the universe [1, 2] . During this period, the cosmology has witnessed a rapid change in its development, however, we are looking for a theory that could explain the present observational data in a satisfactory way. The candidate, widely known as dark energy (DE) to the scientific community, has remained dark even after a number of promising observational tests. According to the present observational evidences, nearly 68% of the total energy density of the universe is filled up with such DE and around 28% of the total energy density of the universe is filled up with another dark fluid, namely dark matter (DM) [3, 4] . The dynamics of them is also not yet understood to us. The modelling of the universe has thus been greatly dependent on the evolution of these dark components. Based on the current literature, a number of cosmological models are already existing aiming to provide a clear description of the universe's evolution in agreement with the observational data from various sources. These cosmological models can be classified into two broad classes, one is known as the non-interacting cosmological models in which both the dark fluids, namely DM and DE, enjoy independent evolution. On the other hand, the remaining class of models is known as the interacting cosmological models in which DM and DE interact with each other through matter flow between them.
The interacting cosmological models have gained a massive attention in the cosmological community for explaining many observational issues related to the dynamics of the universe (see [29, 30] for extensive reviews on interacting dark energy theory). The theory of interaction has been popular in order to explain the cosmic coincidence problem [31] [32] [33] [34] [35] . According to the recent observational evidences, the interaction between DM and DE, although very mild (this mostly depends on the specific coupling), however, within 1σ confidence region, we cannot rule it out [12, [36] [37] [38] [39] [40] [41] . Additionally, the investigations in this direction directly show that even if a mild interaction in the dark sector could solve the tensions in various cosmological parameters arising from their local and global predictions, including the tension on the Hubble constant H 0 [42] [43] [44] [45] [46] and the tension on the amplitude of the matter power spectrum σ 8 [46] [47] [48] [49] . Additionally, the dark sector's interaction can also explain an excess amount of 21 cm absorption signal around the redshift z ∼ 17 that has been recently detected by the Experiment to Detect the Global Epoch of Reionization Signature (EDGES) [50, 51] . Apart from that, theory of interaction further includes some other interesting aspects in which the crossing of the phantom divide line is one of them [52, 53] . Therefore, based on the above observations, both from theoretical and observational grounds, interacting dark energy theory might be considered to be a potential area for further investigations.
The current work has thus been motivated to work in this area while the main incitement of this work is not only to investigate the interacting models with the standard cosmological data, but also we proceed one step further by investigating this area using the simulated gravitational waves (GWs) data from the Einstein Tele-scope. The use of GWs has potential implications in cosmological studies that we shall point out here. As already known, GWs have been detected by LIGO and VIRGO collaborations in recent times [54] [55] [56] [57] [58] [59] [60] with a massive thrilling in the entire scientific community. Probably this is one of the greatest achievements of modern science with a potential indication for a new era in cosmology and astrophysics. In fact GWs have another important aspect that comes through the understanding of primordial gravitational waves, that means the detection of gravitational waves in the extreme early phase of the universe. From the effects of primordial GWs on the cosmic microwave background radiation, the origin of the universe can better be understood. Naturally, through the analysis of GWs, it is expected to have new cosmological and astrophysical information. Following the detection of GWs the screening of cosmological models has already been started by many investigators that includes analysis of various cosmological models [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] as well as the estimation of the Hubble constant [73, 74] . In summary from the investigations and analysis carried out in the recent time using the GWs data, it is quite reasonable to test the effects of GWs on other areas of cosmology. Since the interaction in the dark sector has remained one of the most talkative issues since quite a long time in the cosmological history, and it is one of the promising research areas to understand the tensions in the cosmological parameters, thus, undoubtedly one should apply GWs to this particular zone aiming to look for more precise conclusion in this direction. Now, following this motivation in the present work we have considered an interacting scenario where cold dark matter directly interacts with vacuum. We consider two well motivated interaction models and analyze the scenarios using (i) the standard cosmological data such as, cosmic microwave background radiation (CMB), baryon acoustic oscillations (BAO), recent Pantheon sample of supernovae type Ia, redshift space distortion (RSD), local measurement of Hubble constant (R16), Hubble parameter measurements from cosmic chronometers (CC), weak gravitational lensing (WL), and then (ii) we include the simulated GWs data from Einstein Telescope with those standard cosmological datasets. By comparing the results from two distinct analyses, it shows that the inclusion of GWs data significantly improves the parameter space of the interactive models compared to their constraints coming from the usual cosmological datasets. This is an interesting outcome of the present work and possibly will motivate other investigators to continue the same using the GWs.
The work is organized in the following manner. In section 2 we present the gravitational field equations in the presence of an interaction in the dark fluids. The section 3 divided into two subsections where in the first subsection 3.1 we describe the current standard cosmological data, while in the subsection 3.2 we describe the method to simulate the gravitational waves data. After that in section 4 we present the results of the analysis of the interacting models. Finally, in section 5 we end the present work with a brief summary of all the findings.
THE INTERACTING UNIVERSE: GRAVITATIONAL EQUATIONS
We consider an interacting scenario between DM and DE where the underlying gravitational sector follows the Einstein gravity. The conservation equation for the combined dark sector, that is, DM plus DE, follows,
which for a Friedmann-Lemaître-Robertson-Walker line element,
where a(t) denotes the expansion scale factor of the universe, and k is the spatial curvature of the universe 1 , can be decoupled intoρ
where an overhead dot represents the cosmic time derivative; H ≡ȧ/a is the Hubble rate of the FLRW universe; ρ c , ρ x are respectively the energy density of the pressureless dark matter and the vacuum. The quantity Q refers to the interaction rate between vacuum and the cold dark matter. In general there is no such specific rule to select any particular interaction rate, thus, usually we allow some phenomenological models for Q and test the underlying cosmological scenario with the observations. This essentially reconstructs the expansion history of the universe in the presence of the interaction. In addition to that we assume the presence of baryons and radiation in the universe but both of them have their own conservation equation. That means, under their usual equation of state,
where r is for radiation and b for baryons), their evolution equations yield,
Here ρ r0 , ρ b0 , respectively denote the present energy density of radiation and baryons. The only constraint in such a universe is
however, throughout the present work we shall consider the spatially flat case, that means we assume k = 0. Now, we comment that, for any given interaction function Q, the conservation equations (3) and (4) together with the Hubble function (5) can determine the dynamics of the interacting universe. Let us now move to the cosmological perturbations of the interacting vacuum models. In what follows we consider the following perturbed FLRW metric [75] [76] [77] 
where τ is the conformal time and φ, B, ψ, E are the gauge-dependent scalar perturbation quantities. Now, using the perturbed metric (6) , and the conservation equations
one can calculate the gravitational field equations, see [78] [79] [80] . We note that the above equation A ∈ {c, x} where A = c, is for CDM and A = x for vacuum energy.
Here, we shall work in the synchronous gauge, that means, φ = B = 0, ψ = η, and k 2 E = −h/2 − 3η, with k being the Fourier mode and h, η are the metric perturbations. We also introduce some notations that will be useful later. We introduce δ A = δρ A /ρ A , as the density perturbations for the fluid A, and θ = θ µ µ is the volume expansion scalar of the total fluid, thus, for θ c we mean the volume expansion scalar for the CDM fluid. Thus, with all the above notations in hand, in the synchronous gauge, the momentum conservation equation for CDM is reduced to [81] :θ c = 0.
The density perturbations for CDM in the comoving synchronous gauge can be found as [81] 
We note that in this gauge, the vacuum energy is spatially homogeneous which means that, δρ x = 0. Thus, having both the background and perturbative evolutions for any coupling function Q, we are now able to proceed with the examinations of the models. Hence, with all of these above, we now close this section with the models of interaction that we study here. In what follows we propose the following two models for Q:
where in both the expressions of Q, ξ refers to the coupling parameter (sometimes it is called the coupling strength) of the models. The coupling parameter, ξ, has the following two properties: (i) the strength of the interaction via the magnitude of ξ and (ii) the direction of energy flow between the dark sectors through its sign. , are the baryon and cold dark matter densities, respectively; τ refers to the reionization optical depth; 100θMC denotes the ratio of sound horizon to the angular diameter distance; ns is the scalar spectral index; AS is the amplitude of the primordial scalar power spectrum and finally ξ denotes the coupling parameter of the interaction models (8) and (9).
OBSERVATIONAL DATA
In this section we describe the observational data used in the analysis dividing them into two subsections: one for the current cosmological probes and the other for the simulated gravitational waves data from the Einstein Telescope.
Current cosmological probes
• CMB: The Cosmic Microwave Background (CMB) data are one of the potential astronomical probes to analyze the DE models. Here, we make use of the full range of multipoles in temperature and polarization of the CMB angular power spectra from the Planck satellite (identified as Planck TT, TE, EE + lowTEB) [82, 83] .
• SNIa: The supernovae Type Ia (SNIa) data were the first observational data reporting the accelerating phase of the universe. With the developments of the observational data, different versions with significant compilation of the SNIa had been available. In the present work we make use of the latest Pantheon sample [84] .
• BAO: We include the Baryon Acoustic Oscillations (BAO) data from different observational missions [85] [86] [87] .
• RSD: The Redshift Space Distortion (RSD) data are included in the analysis [88] .
• Hubble: We also include the Hubble parameter measurements from the Cosmic Chronometers (CC) [90] .
• R16: We include the local measurement of the Hubble constant value yielding H 0 = 73.24 ± 1.74 km/s/Mpc at 68% CL [89] .
• WL: Data from weak lensing (WL) are also important for dark energy analysis. Here we use the cosmic shear data from the blue galaxy sample compiled from the Canada-France-Hawaii Telescope Lensing Survey (CFHTLenS) [91, 92] .
Gravitational waves data: Method of simulation
Here we describe the mechanism to simulate the Gravitational Waves Standard Sirens (GWSS) data in which each data point consists of the following triplet (z, d L (z), σ d L ) of a GW source: z is the redshift at which the measurement is performed; d L (z) denotes the luminosity distance at redshift z; σ d L is the corresponding error.
The generation of the GWSS data is the initial step of this work. This is performed by simulating the redshift distribution of the sources with the assumption that the redshifts of all observed GW sources are available to us. We focus on GW events that originate from 2 distinct types of binary systems: (I) the binary system combining a Black Hole (BH) and a Neutron Star (NS) identified as BHNS and (II) the binary neutron star (BNS). Let us come to the main mathematical part of the analysis.
In order to proceed we need that redshift distribution of the observable sources which follows [97, 98, 100] 
where d C (z) is the co-moving distance at redshift z and R(z) is the merger rate of binary systems that may include either BHNS or BNS with [98, 101, 102 ]
Now, we come to the technical part of the GW simulation. The complete configuration of our simulation is based on the prediction of the Advanced LIGO-Virgo network. The ratio between the observed binary events (BHNS and BNS) is fixed to be 0.03 that makes BNS the profouse majority of GW sources. Considering a rough approximation of the mass distribution of the astrophysical objects, namley, neutron stars and black holes, we perform a random sampling of their masses from uniform distributions U (M , 2M ) and U (3M , 10M ) respectively. Let us note that M represents one solar mass. For a detailed information and discussions in this direction one can see the references [98, 100] .
Hence, following the approach described above one can obtain the catalogue of the GWSS data by introducing the fiducial model. The fiducial model could be any well motivated cosmological model in principle. Now, for any fiducial model, in the background of a FLRW universe, one can be able to find the luminosity distance d L (z) using
where H(z) refers to the Hubble function corresponding to the fiducial model. Therefore, using Eq. (12), one can compute the mean luminosity distances of all the GW sources which means that a relation between d L (z) vs. z can be found for the underlying fiducial model. Usually, ΛCDM is considered to be the fiducial model, but however, one may consider some other cosmological model as well in order to generate the simulated GW data as technically there is no such binding to choose any other model. Here we have not fixed ΛCDM as the fiducial model which is generally considered for its simplicity (see [97, 98] ), but we have considered our interacting scenarios as the fiducial model. In particular, for each combination of datasets and models considered, we used the obtained best fit for simulating the GW data, and we forecast the improvement obtained on the constraints by the addition of them. Now, once the luminosity distance of the GW source is known, it is essential to calculate the error associated with it, denoted by σ d L . The determination of the error demands the expression of the GWs signal, that means, the strain of GW interferometers. Since the amplitude of the GW depends on d L (z), one can extract the information concerning the luminosity distance d L (z) provided the other parameters, such as the masses of the underlying binary system, are evaluated from the waveform. That is why the GW events are frequently referred to as the standard sirens, (similar to the Supernovae Type Ia). Consequently, the error of GW detection (given in terms of GW SNR) is passed to σ d L (z) through the Fisher matrix.
We now describe the strain of GW interferometers which is supposed to be the main part of this section. The strain h(t) in the GW interferometers assuming the transverse-traceless (TT) gauge, can be written following [98, 100] as
in which the involved quantities have the following meanings: F + and F × are the beam pattern functions of the Einstein Telescope (ET); ψ denotes the polarization angle; θ, φ describe the location of the GW source relative to the GW detector (here Einstein Telescope); h + = h xx = −h −yy , h × = h xy = h yx (two independent components of the GWs tensor h µν in the transversetraceless (TT) gauge). We refer to [98] for a detailed description about this.
The antenna pattern functions of the Einstein Telescope can be written as [97, 98, 100] 
Concerning the remaining two interferometers, their antenna pattern functions can be found with the use of (13), (14) and by substituting φ by either φ + 120
• or φ + 240
• . The reason in doing so is that the three interferometers actually form an equilateral triangular shape, and therefore they make 60
• with each other. Now following [97, 103] we compute the Fourier transform H(f ) of the time domain waveform h(t) with the assumption of stationary phase approximation. And this leads us to have,
c .
Here, M c is named as the 'chirp mass' related to the the total mass M (= m 1 + m 2 ) of the coalescing binary system in which m 1 , m 2 are the component masses. The symmetric mass ratio (SMR) is given by η = m 1 m 2 /M 2 which is related to the chirp mass as M c = M η 3/5 . Let us mention clearly that the masses we mention here, namely M c , M , are the observed masses obeying a relation to the intrinsic masses given by M obs = (1 + z)M int . This relation exhibits an enhancement of a factor by (1 + z). Let us clarify some more points related to the above equation (15) . With the line of sight the angle of inclination of the binary's orbital angular momentum is denoted by ω, see eqn. (15) .
As the short gamma ray bursts are usually strongly beamed, from the coincidence observations of the short gamma ray bursts, it is indicated that the binaries should be aligned in a definite way so that ω 0 having its maximal inclination about ω = 20
• . Now we come to the signal-to-noise ratio (SNR) which can be calculated once the waveform of GWs is known and it is a very important quantity because in detecting the GW event it plays a very crucial role. Actually, a GW detection is confirmed if the combined SNR is found to be of at least 8 in the Einstein Telescope [104, 105] (see for more details [97] [98] [99] 106] ). The combined SNR for the network that includes three independent interferometers is
where inner product used in (16) follows [97, 98, 100] 
, (17) in which the symbol '∼' refers to Fourier transformations of the corresponding quantities and S h (f ) denotes the one-side noise power spectral density. Let us mention that S h (f ) has been taken to be same as in article [97] . Using the Fisher matrix approach, one can determine the instrumental error on
Now, considering the fact that d L is independent of other parameters and then with the use of the relation
The next step is to find the uncertainty during the estimation of d L (z) and for this calculation it is essential to consider the effect of ω, the inclination angle. Moreover, the correlation between d L (z) and ω is another important issue that should be taken into account here. We consider the maximal effect of inclination on the SNR which is a factor of 2 between ω = 0
• and ω = 90
• . Now, to furnish the estimation of ability of the GWs data in the context of cosmological model building and their parameter estimation, we follow [103] where the estimation of the error imposed on the luminosity is doubled, that means, σ
Furthermore, under the short-wave approximation, GWs are lensed in a similar way as we find with the electromagnetic waves during propagation. This results in an additional weak lensing error as σ
. As a result of that the combined error can be calculated to be
, are already defined above. Henceforth, following the above methodology, we can generate the simulated GWSS dataset comprising of (z,
are respectively the luminosity distance and its error at a particular redshift z. Usually one can increase the number of GW events. However, as marked in [98] , the sensitivity of at least 1000 GW events is approximately similar to the Planck's constraining ability. Therefore, we have considered 1000 GW events for analyzing the present cosmological models in this work.
With the above descriptions, we are now at the final stage to use the GWSS data directly into our analysis. The analysis with GW data is same compared to the usual cosmological data. For GWSS measurements comprising N simulated data points, the χ 2 function is,
in which as already mentioned above,d The description of the figure is as follows. Here we have considered the IVS1 model as the fiducial one. We first constrain the free and derived parameters of IVS1 using all the datasets, namely, CMB, CMB+BAO, CMB+BAO+Pantheon and CMB+BAO+Pantheon+RSD and CMB+BAO+Pantheon+RSD+R16+CC+WL. After that we use the best-fit values of all the constrained parameters for each dataset (CMB, CMB+BAO and others) to generate the corresponding GW catalogue containing 1000 simulated GW events. In each plot we show dL(z) vs z catalogue with corresponding error bars for 1000 simulated GW events. The upper left graph is for CMB alone, upper right graph is for CMB+BAO, the lower left graph is for CMB+BAO+Pantheon, lower right graph is for CMB+BAO+Pantheon+RSD and the bottom graph is for the dataset CMB+BAO+Pantheon+RSD+R16+CC+WL.
error at a particular redshift z i . Let us note that by Θ we represent the cosmological parameters involved with the models.
The likelihood analysis of this work follows L ∝ e The description of the figure is as follows. Here we have considered the IVS2 model as the fiducial one. We first constrain the free and derived parameters of IVS2 using all the datasets, namely, CMB, CMB+BAO, CMB+BAO+Pantheon and CMB+BAO+Pantheon+RSD and CMB+BAO+Pantheon+RSD+R16+CC+WL, and after that we use the best-fit values of all the constrained parameters for each dataset (CMB, CMB+BAO and others) to generate the corresponding GW catalogue containing 1000 simulated GW events. In each plot we show dL(z) vs z catalogue with corresponding error bars for 1000 simulated GW events. The upper left graph is for CMB alone, upper right graph is for CMB+BAO, the lower left graph is for CMB+BAO+Pantheon, lower right graph is for CMB+BAO+Pantheon+RSD and the bottom graph is for the dataset CMB+BAO+Pantheon+RSD+R16+CC+WL.
standard datasets and simulated GW catalogue. The global fitting has been done by using cosmomc [94, 95] , a publicly available Monte-Carlo Markov Chain package which (i) is equipped with a convergence diagnostic based on the Gelman and Rubin statistic, (ii) implements an efficient sampling of the posterior distribution using the fast/slow parameter decorrelations [96] , and (iii) includes the support for the Planck data release 2015 Likelihood code [83] (see the freely available code at http://cosmologist.info/cosmomc/). We note that in Table I we have shown the priors imposed on all free parameters for the purpose of statistical analysis. The readers may wonder why we use the Planck 2015 likelihood data [83] , as the Planck 2018 cosmological parameters are now already available [4] . The reason is that Planck 2018 likelihood code is still not made public. However, after the new Planck 2018 likelihood code is available it will be interesting to redo the same analysis in order to see how the new data affect the cosmological parameters compared to their constraints obtained from Planck 2015.
RESULTS
In this section we describe the main results that we find from the interacting models considered in this work.
For both the interaction models we have considered exactly similar observational datasets, namely, CMB, CMB+BAO, CMB+BAO+Pantheon, CMB+BAO+Pantheon+RSD, CMB+BAO+Pantheon+RSD+R16+CC+WL, to be homogeneous throughout the description. Before presenting all the results for IVS1 and IVS2 we comment on the fiducial model. In order to generate the GW catalogue we have assumed IVS1 and IVS2 as the fiducial models. When we consider IVS1 as the fiducial model, we first consider the best-fit values for all the free and derived parameters of this model extracted from any observational dataset. Then we use these best-fit values to generate the corresponding GW catalogue that contains 1000 simulated GW events. In Fig. 1 we have shown the relation between d L (z) vs. z (with error bars on d L (z)) for 1000 GW simulated GW events. We then use this catalogue as the forecasted dataset with the standard cosmological probes using the χ 2 -technique described at the end of section 3. In a similar fashion we consider IVS2 as the fiducial model and do the same thing similar to IVS1. Fig. 2 shows the catalogue for 1000 simulated GW events for IVS2. In what follows we describe the results that we extract from IVS1 and IVS2 after the inclusion of the simulated GW data.
IVS1: Q = 3Hξρx(t)
The observational constraints for this interaction function (equivalently the interaction scenario) using the current cosmological probes, namely CMB, BAO, Pantheon, RSD, R16, CC and WL, have been shown in Table II where specifically we have presented the 68% and 95% CL constraints on each free and derived parameters, and in Fig. 3 we show the corresponding triangular plot. On the other hand, in Table III we have shown the forecasted constraints on the same cosmological parameters of this interaction scenario but after the inclusion of the gravitational waves data that we have simulated using the Einstein Telescope. Thus, the tables, namely Table II  and Table III , present an explicit comparisons between the cosmological parameters of this interaction scenario showing how the simulated GW data could affect the cosmological parameters.
From Table II and Fig. 3 , one can see that the cosmological parameters obtained with the introduction of the interactive model are perfectly in agreement within one standard deviation with the bounds obtained from the Planck collaboration assuming the ΛCDM model, but with weakened constraints, in particular for H 0 and θ M C . The reason of this agreement is that the interaction parameter ξ is consistent with a null interaction value. For the CMB data alone, thanks to the larger error bars, one can see that at about 2.3σ the Hubble constant estimation becomes in agreement to its local measurement by Riess et al. 2016 [89] and at about 2.5σ with Riess et al. 2018 [93] . The inclusion of BAO to CMB shifts ξ, and so H 0 that is positively correlated with it (see Fig. 3 ), towards higher values with respect to the CMB alone case, and now H 0 is in agreement with its local estimations at about 2.2 − 2.4σ, even if the error bars are reduced. The inclusion of Pantheon to the former dataset (CMB+BAO) shrinks the constraints, confirming approximately the mean values of ξ and H 0 , and resulting in an increase of the H 0 tension with [89] at about 2.7σ and with [93] at about 3σ. The addition of RSD to CMB+BAO+Pantheon, shifts ξ back to the zero value, and consequently H 0 towards the ΛCDM value, due to their degeneracy, and the tension at more than 3σ. This happens because of the tension between the RSD dataset and the CMB. Finally, the inclusion of the full combination i.e., CMB+BAO+Pantheon+RSD+R16+CC+WL (CBPRR16CW), doesn't add any more constraining power to the previous case (CMB+BAO+Pantheon+RSD), and sometimes the error bars are larger, as for example σ 8 , for the tension of CBPR with the R16 dataset.
The inclusion of the simulated GWs to the current standard cosmological probes has a large impact for this interactive model. Looking at Fig. 4 , we can see that the most affected independent parameters of our analysis by the inclusion of the GWs, are Ω c h 2 , θ M C and ξ, with an effect on the derived parameters Ω m , σ 8 and H 0 . In fact, even if GWs are geometrical probes, and they are not sensitive to the clustering parameter, however, by breaking the degeneracies between the free and derived parameters in a specific cosmological model, GWs could also improve the constraints on σ 8 , see for instance [107] . That means GWs could indirectly improve the parameters quantifying the large scale behaviour of our universe. From Table  III , one can see that the error bars on the independent cosmological parameters for the CMB case are expected to have an improvement of a factor more than 2 by the addition of the GWs data, while the derived parameter H 0 significantly decreases of a factor about 4 compared to its constraints from the only corresponding CMB case (see Table II ) reaching an accuracy of 1% on its determination. We found that CMB+GW performs better with respect to CMB+BAO in Table II , constraining the cosmological parameters in a stronger way for this interactive model. This improvement is forecasted to be significant also with respect to the case CMB+BAO, as we can see in Fig. 5 the same error bars (see Table III ), and in other words, BAO will not add any more information in this case. A further improvement is expected with the addition of Pantheon, with a gain of about a factor of 1.2−1.5 on the previous cosmological parameters by the inclusion of the GWs data to the CMB+BAO+Pantheon combination. And again there is no further improvements with the RSD dataset as we can see by comparing the constraints obtained from the datasets CMB+BAO+Pantheon+GW and CMB+BAO+Pantheon+RSD+GW, summarized in Table III . Finally, we can see an additional improvement in the constraints of free and derived parameters when one considers the full combination in the last column of Table III . This improvement results up to a factor of 2 (one can compare this by looking at the last columns of Table II and Table III . In fact, from the graphical presentation, see Fig. 6 , it is clearly manifested. That means the effects of GWs on the concerned cosmological parameters are quite evident. In particular, we see that it is possible to reach an error of 0.020 on ξ, allowing in principle to detect or have stronger constraints on the interaction parameter, ξ, and an accuracy of 0.5% on the Hubble constant H 0 shedding light on the current tension between the CMB and the local measurements.
IVS2: Q = 3Hξρc(t)ρx(t)(ρc(t) + ρx(t))
−1
In this section we describe the results for the IVS2 interactive scenario using different observational such as CMB, BAO, Pantheon, RSD, R16, CC and WL as well as the simulated GWs data from the Einstein Telescope. In Table IV and Table V we have clearly presented the constraints on all the free and derived parameters (at 68% and 95% CL) using the current standard cosmological data and the simulated GWs data, respectively. Thus, Table IV and Table V effectively summarize this interactive model. Also, in Fig. 7 we show a triangular plot for this interactive scenario using only the standard cosmological probes.
From Table IV and Fig. 7 , we can see that the cosmological parameters obtained with the introduction of the interactive model are in agreement with the bounds obtained from the Planck collaboration assuming the ΛCDM model, because ξ is consistent with zero. For the CMB data alone, we find very larger error bars on ξ with respect to the IVS1 model, that corresponds to very large error bars on H 0 , due to their positive correlation, as we can see from Fig. 7 . In this case, the Hubble constant is in agreement at about 1.1 − 1.2σ with its local measurement by [89] and [93] . The inclusion of BAO to CMB shrinks a lot the constraints shifting H 0 slightly towards higher values with respect to the CMB case alone, in agreement with the same combination of data for the IVS1 model. The inclusion of Pantheon to CMB+BAO halves the error bars on most of the cosmological parameters, restoring the H 0 tension with [89] at about 2.6σ and with [93] at about 3σ. The addition of RSD to CMB+BAO+Pantheon doesn't improve in a significant way the bounds on the cosmological parameters, but shifts the Hubble constant mean value increasing the disagreement at more than 3 standard deviations. Finally the further inclusion of the full combination we are considering in this work, i.e. R16+CC+WL, brings again the mean value of H 0 up, with an accuracy of 1%, and the τ value down, in agreement with Planck 2018 [4] within one standard deviation.
In Table V one can clearly see that the addition of the simulated GWs data to the current cosmological probes significantly improves the parameters space of the model parameters by reducing their error bars. One can visualize the effects of GWs on the CMB data alone looking at Fig. 8 , or comparing Table IV and Table V . Also in this case are the independent parameters Ω c h 2 , θ M C and ξ to be the most affected by the inclusion of the simulated GWs data, improving consequently the derived parameter in Fig. 8 . For example, one can clearly see that the coupling parameter is estimated as ξ = 0.02 parameters as well after the inclusion of GWs data to the standard cosmological probes. CMB+GW is better than CMB+BAO. We can estimate the effect of the simulated GWs data in the plane ξ vs H 0 looking at Fig. 9 , where it is evident for a significant improvement in the parameter space also compared to the full combination of datasets currently available. The inclusion of the simulated GWs data is forecasted to constrain the ξ parameter with an error bar of about 0.040 and H 0 of about 0.5 respectively. 
CONCLUDING REMARKS
Observational data from different astronomical sources have been playing an important role in the understanding of the universe's evolution. Due to successive developments in the observational data our understanding on different cosmological models that we had in the beginning of twenty-first century, has changed a lot at present time. And thanks to the astronomical datasets a large number of cosmological models have been excluded as a consequence and several others have been strictly constrained. Therefore, without any further doubt theory and observations are complimentary to each other. The main theme of the present work is to examine the constraining power of the cosmological models using a very recent astronomical data, namely the gravitational waves standard sirens.
The GWs have just been detected by LIGO and VIRGO collaborations [54] [55] [56] [57] [58] [59] [60] and probably it is one of the thrilling achievements of modern cosmology possibly after the detection of the accelerating universe. Undoubtedly, with the detection of GWs, a cluster of possibilities for modern cosmological research are now available to us [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . The understanding of the dark sector's dynamics is one of the possibilities among them. Being inspired with the detection of GWs, here in this work, we have focused on a specific but general class of cosmological models, namely the interacting DE models in order to see how future GWs data could constrain these models.
Thus, to start with we have considered a simple interaction scenario where the pressureless DM fluid interacts with vacuum energy. To illustrate such scenario we have assumed two interaction models shown in equations (8) and (9) and constrained them with the use of (i) current standard cosmological data and (ii) then with the use of simulated GWs data in presence of the usual cosmological data. The results are summarized in Table II (IVS1;  no GWs), Table III (IVS1; with GWs), Table IV (IVS2; no GWs) and Table V (IVS2; with GWs).
Our analysis is very simple. For both the interaction scenarios we test with the current standard cosmological data, namely CMB, BAO, Pantheon, RSD, R16, CC, WL, and found a mild interaction in the dark sector which seems to be consistent with the ΛCDM cosmology. We then add simulated GWs data to the standard cosmological probes and measures the improvements of the cosmological parameters. We find that the addition of the GWs data with the standard cosmological data significantly improves the parameters space.
Finally, we comment that one can introduce the massive neutrinos into the interaction scenarios with an aim to check the bounds on the total neutrino mass in the presence of the simulated GWs data. We hope to address this issue in a forthcoming work. 
